We have applied an ambient ionization technique, desorption electrospray ionization MS, to identify transient reactive species of an archetypal C-H amination reaction catalyzed by a dirhodium tetracarboxylate complex. Using this analytical method, we have detected previously proposed short-lived reaction intermediates, including two nitrenoid complexes that differ in oxidation state. Our findings suggest that an Rh-nitrene oxidant can react with hydrocarbon substrates through a hydrogen atom abstraction pathway and raise the intriguing possibility that two catalytic C-H amination pathways may be operative in a typical bulk solution reaction. As highlighted by these results, desorption electrospray ionization MS should have broad applicability for the mechanistic study of catalytic processes.
mass spectrometry | transient intermediates | C-H oxidation | catalysis C atalytic methods for selective C-H oxidation rely on the exquisite choreography of a series of ligand substitution and redox events (1, 2) and in some instances, the controlled generation of a hyperreactive electrophile (3) (4) (5) . The Du Bois laboratory has developed an amination protocol that uses the catalyst bis [rhodium(α,α,α′,α′-tetramethyl-1,3-benzenedipropionic acid)], hereafter designated as Rh 2 (esp) 2 , to promote both intra-and intermolecular oxidation reactions (1, 2) . Indirect evidence has implicated a reactive Rh-nitrene intermediate that oxidizes saturated C-H bonds through a concerted asynchronous two-electron insertion event (6) (7) (8) (9) (10) . Studies of the reaction mechanism suggest the generation of a one-electron oxidized form of the catalyst, [Rh 2 (esp) 2 
]
+ , which appears to result from reaction of the nitrenoid oxidant (4, 5, 11) . The fast rates of the on-and off-path steps in this catalytic process and the transient nature of the reactive Rh-nitrene have confounded direct detection of many of the proposed reaction intermediates.
A preponderance of experimental and theoretical data (7-10, 12, 13) supports the mechanism for Rh-catalyzed C-H amination depicted in Fig. 1 . Sulfamate 2 and iodine oxidant 3 condense to form iminoiodinane 4 (14, 15) . The iminoiodinane is a ligand for Rh 2 (esp) 2 , which react to generate [Rh 2 (esp) 2 ]•PhINSO 2 OR 5; subsequent loss of iodobenzene (PhI) furnishes nitrenoid 6. Oxidation of adamantane by 6 gives the sulfonamide product 7 and regenerates the dirhodium catalyst 1. The structures of intermediates 5 and 6 were postulated through analogy to carbenoid intermediates in reactions of dirhodium catalysts with diazo compounds, and to the best of our knowledge, have not been observed spectroscopically (6-10, 12, 13) . In our experience, the oxidation of substrate by Rh-nitrene 6 seems to correlate with competitive formation of a mixed-valent (Rh 2+ /Rh 3+ ) dimer 8 that visibly colors the reaction solution red. Previous studies show that this red species is generated when Rh 2 (esp) 2 1, sulfamate 2, and oxidant 3 are mixed in solution (e.g., 0.3 mM 1 in chlorobenzene) (4, 5, 11) . In this report, we provide direct evidence for the formation of species 8.
The Zare laboratory has recently shown that desorption electrospray ionization (DESI) (16) (17) (18) (19) coupled to MS can identify fleeting reaction intermediates having lifetimes on the order of milliseconds or less (20) (21) (22) . In a DESI-MS experiment (Fig. 2) , charged or neutral droplets in a stream of gas form a spray that impacts a surface containing a sample of interest and extracts analyte into secondary microdroplets. Subsequent desolvation generates gas-phase ions that can be mass analyzed (16) (17) (18) (19) (20) (21) . By coupling DESI to a high-resolution Orbitrap mass spectrometer (23, 24) , we are able to detect transient species with high mass accuracy (1 to 5 ppm). In this study, we performed C-H amination experiments by spraying a solution of the sulfamate ester 2 (ROSO 2 NH 2 ; R = CH 2 CCl 3 ) and iodine(III) oxidant 3 at Rh 2 (esp) 2 1 or a mixture of 1 and a hydrocarbon substrate (adamantane) deposited on a paper surface (Fig. 2) . This analytical method (20) (21) (22) (25) (26) (27) (28) provides direct evidence for Rhnitrene formation and the ability of this two-electron oxidant to react through hydrogen atom abstraction. Previous studies using computational and spectroscopic methods estimate that the nitrenoid species has a half-life in the nanosecond to microsecond regime (29) (30) (31) (32) , underscoring the impressive capabilities of DESI-MS to capture transient intermediates in solution-phase catalytic cycles of complex reactions. It should be recognized, however, that this mass spectrometric study identifies numerous transient species, but does not explicitly establish the kinetic competency of a particular species on the reaction coordinate.
Results and Discussion
Initial experiments were performed to establish the viability of generating amination product 7 under a standard DESI-MS protocol. + (m/z = 666.9280; quoted m/z values represent the most intense isotope peak of the distribution), and 4. Sodium ion adducts are common in MS and appear regardless of whether the analyte is deposited on paper or glass. Multiple charged species were not observed in acquired mass spectra. When adamantane is premixed with 1 and then sprayed with a nebulized solution of 2 and 3, the product sulfonamide 7 is detected at m/z 383.9959 [7+Na] + ( Fig. 3 and Fig. S1 ). Fig. S1 shows experimental (background is subtracted; black) and calculated (red) mass spectra of [2+Na]
S1C). Although the intensity of [7+Na]
+ is low, its appearance is consistent with the catalytic pathway that we and others have postulated for the C-H amination process (7) (8) (9) . Many of the ionic species detected in this study have been proposed previously based on bulk solution mechanistic data. The ability to draw parallels between DESI-MS experiments and the catalytic process is supported by these findings as well as prior studies showing that DESI-MS transfers intact molecules from solution to the gas phase (17, 33 (Fig. 4 A-D) provide strong support for these assignments. We did not observe [5] + or [5+Na]
+ in continuous flow electrospray ionization (ESI) MS experiments with a reaction time of a few seconds, suggesting that the lifetime of this species is much shorter. Although analogous iminoiodinane-metal complexes have been proposed, only one report documents the ESI-MS detection of a related species, a porphyrin manganese•PhINSO 2 C 6 H 4 CH 3 adduct (12, 13, 34) . In addition to identifying 5, a second principal peak is observed at m/z 1,080.0535 and is assigned as the coordination complex between catalyst and oxidant [[Rh 2 
+ is also detected at m/z 1,164.1449 (Fig. S3) when PhI(O 2 CC(CH 3 ) 3 ) 2 is used as the oxidant. The formation of these species is not surprising given the propensity of dirhodium tetracarboxylate complexes to bind axial ligands and the presence of substantial amounts of the unreacted iodine oxidants.
Structural assignments of the m/z 1,186.9057 signal as [5] + and the m/z 1,080.0535 signal as [1•3] + are supported by the close correspondence of predicted and experimental isotope profiles ( Fig. 4C and Fig. S2 ) as well as fragmentation patterns in highresolution multistage MS (MS n ) experiments (Fig. S4) . Dissociation of [5] + and [1 (Fig. S4B) , and subsequent collisional activation produces sequential losses of m/z 44 and m/z 46, which correspond to neutral losses of CO 2 and [H 2 O + CO] (35), respectively, from the carboxylate ligands of 1 (Fig. S4C) . These fragmentation patterns confirm the assignment of m/z 1,186.9057 and m/z 1,080.0535 as [5] + and [1•3] + , respectively. Our conclusions are also supported by experiments with ROSO 2 15 NH 2 , which gives a 1-Da increase for complex [5] + to m/z 1,187.9041 (Fig. 4D ) but does not alter the mass of [1•3] + . In addition to [5] + , an m/z corresponding to the bis-ligated species [9] + (m/z 1,617.7317) is also recorded (Fig. 3) . This complex is suspected to be in equilibrium with 5 and is off the previously proposed catalytic path. Dissociation of [9] + yields [5] + in MS 2 spectra (Fig. S4D) , supporting its assignment. Other species that were observed include [5•3] + (m/z 1,508. + have a ratio of 1:2 for the spectrum displayed in Fig. 4E . In addition to the sodiated adducts of 6 and 8, we also observe signals for [6] + (m/z 982.9671) and [8] + (m/z 983.9766) with a calculated ratio of 7:1 ( Fig. 4G and Fig. S5) (Fig. S10 ). This observation provides additional support for the proposed peak assignments and the estimated lifetimes of these reactive species. From these data, we surmise that complex 8 forms rapidly through hydrogen atom abstraction from the CH 2 Cl 2 solvent and competes with the formation of the sulfonamide product 7.
By (Fig. 4 E and F) . In Fig. 4 E and F, the [6+Na] + to [8+Na] + ratio changes from 1:2 to 3:1 when CD 2 Cl 2 is used as the solvent, which might be interpreted as evidence of an isotope effect. An accurate estimation of KIE using DESI-MS is not possible, however, due to variations in the [6+Na] + to [8+Na] + ratio stemming from low signal intensity as well as difficulties controlling the reaction environment, composition of the microdroplet reaction vessels, and reaction time.
The observation of two nitrenoid species, 6 (detected ion is [6+Na] + ) and [6] + , that differ in oxidation state raises the intriguing possibility of two catalytically operative pathways for C-H amination. At this time, we can conclude that either 6 or [6] + or both 6 and [6] + are capable of acting as a one-electron oxidant for C-H abstraction of CH 2 Cl 2 solvent. As mixed valent Rh 2+ /Rh 3+ species have been identified under standard operating conditions of the intermolecular C-H amination reaction, the involvement of 6 and [6] + in solution-phase chemistry is plausible and may explain observed reactivity trends (4, 5, 11) .
To avoid solvent oxidation, we have investigated the amination reaction in benzene (C-H BDE ∼ 113 kcal/mol) (36) . In DESI-MS experiments both with and without adamantane, no signals associated with nitrenoid 6 or 8 are observed. Other coordination adducts, such as [5] + and [1•3] + , along with sulfonamide 7 appear in accordance with results from the CH 2 Cl 2 experiments. No products of benzene amination (e.g., aniline or azepine) have been detected. If adamantane oxidation is occurring through hydrogen atom abstraction rather than a concerted insertion event, we conclude that the subsequent radical rebound reaction to form 7 is sufficiently fast to outcompete diffusion of 8 from the solvent cage. Alternatively, the stability and lifetime of 6 and 8 may differ between solvents. In addition, differing conditions in the secondary microdroplets compared with bulk solutions could lead to different reaction outcomes and kinetics (37) ; however, we have not observed any ionic species indicating that the mechanism of C-H amination occurring in the microdroplets differs from bulk solution.
The identification of short-lived reactive intermediates using DESI-MS enhances our mechanistic understanding of the Rhcatalyzed C-H amination reaction. We have obtained highresolution MS data for species that are generally regarded to be intermediates in the catalytic pathway for this process. In addition, our experiments suggest that both a dirhodium iminoiodinane adduct 5 and a dirhodium nitrene 6 are generated transiently and that the nitrenoid species can function as a one-electron oxidant for hydrogen atom abstraction (4, 5, 11) . The identification of two Rh-nitrene adducts differing in oxidation state (6, We also noted that, at higher adamantane and adamantane carboxylic acid concentrations, the intensity of the sulfonamide product does not increase appreciably, suggesting that both the extraction rate from the surface and substrate solubility limit the concentration of analyte in the secondary microdroplets. The signal intensity is very low for the sulfonamide products of adamantane and adamantane carboxylic acid, leading to variability of measurement. However, consistent qualitative trends in signal intensity as a function of substrate loading are observed for both adamantane and adamantane carboxylic acid. . The complete mass spectra for G and H are shown in Fig. S5 .
discoveries and provides an experimental clue that more than one discrete mechanism may function for C-H amination. These results underscore the power of DESI-MS as an analytical method for mechanistic inquiry of fast reaction processes that should substantially impact efforts in catalytic reaction methods development.
Methods
Materials. Unless specified otherwise, all chemicals were purchased from Sigma-Aldrich and used without additional purification. ) generated a microdroplet spray that was directed at a paper surface onto which a solution containing 1 (10 −2 M) and adamantane (one and five equivalents) in anhydrous CH 2 Cl 2 was deposited (10 μL). The secondary microdroplets from the surface were sampled by an LTQ Velos Orbitrap mass spectrometer (Thermo Fisher Scientific). Instrument settings were as follows: ion transfer capillary temperature = 200°C; m/z resolution = 100,000 at m/z 400; single-stage MS scan range = m/z 150 − m/z 2,000; for MS n experiments, normalized collision energy = 30%. For experiments that involve reaction times of several hours, the reagents were mixed in a borosilicate vial and then analyzed by DESI-MS using a dichloromethane (anhydrous) microdroplet spray. Continuous-flow ESI-MS experiments were carried by infusing two solutions (10 μL/min) into a static mixing tee (IDEX Health & Science). The PEEK tubing connected to the outlet of the mixing tee was connected to an ESI source. The length of the outlet tubing set a reaction time of a few seconds before ESI-MS analysis.
